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Part  A:  Development  of  general  and  specific  immunopotentiators 

We  carried  out  work  on  the  regulation  of  IgE  production  in 
humans  by  lymphokines.  The  work  has  been  very  successful  and  has 
been  received  enthusiastically  by  the  scientific  community. 

IgE  is  a  very  important  immunoglobulin  since  it  is  the  only 
one  involved  in  the  defence  against  helminthic  infections. 

Furthermore  IgE  is  involved  in  all  allergic  reactions.  IgE  has 
been  recently  shown  to  participate  in  the  defence  against  viral 
infections.  Our  work  has  focused  on  the  characterization  of 
basic  mechanisms  which  are  involved  in  the  regulation  of  the 
production  of  IgE  by  human  B  cells.  Identification  of  siibstances 
able  to  up-  or  -down  regulate  IgE  production  may  allow  the 
planning  of  proper  clinical  trials  in  the  future. 

The  cytokine  interleukin  4  (IL-4)  has  been  shown  to  induce 
lipopolysaccharide-activated  murine  B  cells  to  differentiate  into 
IgE-secreting  cells  and  to  stimulate  IgE  secretion  by  cultured 
human  peripheral  blood  lymphoid  cells.  It  is  unclear,  however, 
whether  this  effect  of  IL-4  on  human  peripheral  blood  lymphoid 
cells  is  a  direct  effect  on  the  B  cell  because  IL-4  can  stimulate 
T  cells  and  monocytes  as  well  as  B  cells  and  dose  not  induce 
purified  human  B  cells  to  secrete  immunoglobulin.  To  investigate 
this  issue  we  studied  the  ability  of  IL-4  to  induce  IgE  secretion  _ 
by  purified  human  B  cells  (93-96%  CD20*,  <1%  CD3*)  that  were 
cultured  with  Epstein-Barr  virus  (EBV) .  Although  B  cells 
cultured  with  IL-4  alone  did  not  secrete  Ig  and  B  cells  cultured  . 
with  EBV  alone  secreted  IgM,  IgG  and  IgA  but  <150  pg  of  IgE  per  ~ 

ml,  the  combination  of  EBV  and  IL-4  induced  an  IgE  response  that  CcJns 
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ranges  from  11.4  to  40.3  ng/ml  of  culture  supernatant  after  26 
days  of  culture.  While  IL-4  also  enhanced  IgM,  IgG,  and  IgA 
secretion,  as  well  as  proliferation  by  EBV-infected  B  cells, 
these  effects  were  less  pronounced,  occurred  earlier  during 
culture,  and  required  a  lower  concentration  of  IL-4  than  did  the 
stimulation  of  IgE  secretion.  Furthermore,  interferon  gamma  at 
10  units  per  ml  was  found  to  inhibit  IL-4/EBV-induced  IgE 
secretion  without  inhibiting  the  other  stimulatory  effects  of  IL- 
4  and  interferon-gamma  can  act  directly  on  polyclonal  activated 
human  B  cells  to  respectively  stimulate  and  suppress  IgE 
secretion  and  IL-4,  in  addition  to  its  specific  effect  of  IgE 
secretion,  has  a  general  stimulatory  effect  on  the  growth  and 
differentiation  of  EBV-infected  human  B  cells. 

To  identify  the  time  period  during  which  EBV-infected  B 
cells  can  be  induced  by  -IL-4  to  secrete  IgE,  we  have  studied  the 
effects  of  delayed  addition  of  IL-4,  or  the  termination  of  IL-4 
stimulation  by  wash  out  or  by  neutralization  with  anti-IL-4 
antibodies,  on  the  induction  of  an  IgE  responses.  To  induce  a 
maximal  IgE  response,  IL-4  had  to  be  added  to  cultures  of  B  cells 
plus  EBV  no  later  than  two  days  after  the  initiation  of  culture, 
and  had  to  remain  present  through  the  tenth  day  of  culture. 

These  two  time  points  correspond  to  the  initiation  of  detectable 
DNA  synthesis  (day  two  to  three)  and  the  earliest  detectable  Ig 
secretion  (day  two  to  eleven)  by  EBV-stimulated  B  cells.  No  IgE 
response  was  induced  if  the  period  during  which  EBV-stimulated  B 
cells  were  cultured  with  IL-4  was  less  than  four  days,  or  if  IL-4 
were  added  later  than  the  tenth  day  of  culture,  regardless  of  how 
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long  the  culture  was  continued  beyond  that  time.  In  contrast, 

IL-4  considerably  enhanced  IgG  and  IgM  secretion  and  B  cell  CD23 
expression,  even  if  it  was  added  after  the  tenth  day  of  culture. 
IFN-gamma  strongly  inhibited  the  IgE  response  of  B  cells  cultured 
with  IL-4  plus  EBV  if  added  within  six  days  of  the  initiation  of 
culture,  but  had  little  effect  on  the  generation  of  IgM  of  IgG 
responses  made  by'these  cells,  regardless  of'ths  t:^e  o* 
addition.  Neither  IL-4  nor  IFN-gamma  affected  ongoing  IgE 
secretion  by  an  established,  IgE-secreting,  EBV- transformed  cell 
line.  These  observations  suggest  that:  1)  IL-4  first  becomes 
able  to  induce  EBV-activated  B  cells  to  secrete  IgE  as  these 
cells  begin  to  synthesize  DNA,  must  stimulate  B  cells  for  at 
least  four  days  to  induce  IgE  secretion,  and  loses  it  ability  to 
induce  IgE  secretion  as  these  cells  differentiate  into  Ig- 
secreting  cells;  2)  the  ability  of  IFN-gamma  to  suppress  an  IgE 
responses  is  limited  to  this  same  time  period;  and  3)  IL-4 
enhancement  of  CD23  expression  and  IgM  and  IgG  secretion  are 
independent  of  IL-4  induction  of  an  IgE  response. 

Publications 

1.  Thyphronitis  G. ,  Tsokos  G.C.,  June  C.H.,  Levine  A.D., 

Finkelman  F.D.  IgE  secretion  by  Epstein-Barr  virus-infected 
purified  human  B  lymphocytes  is  stimulated  by  interleukin-4 
and  suppressed  by  interferon-gamma.  Proceedings  of  the 
National  Academy  of  Sciences.  USA.  Vol.  86,  pp  5580-5584, 
1989.  (;^3pendix  I) 

Thyphronitis  G. ,  Banchereau  J.,  Heusser  C.,  Tsokos  G.C., 


2. 


Levine  A.D.,  Finkelman  F.F.  Kinetics  of  interleukin-4 
induction  and  interferon-gamaa  inhibition  of  IgE  secretion 
by  Epstein-Barr  virus-infected  huaan  peripheral  blood  B 
cells.  Cellular  Immunology.  (Appendix  ll) 


B.  Hemopoietic  and  Survival  Studies  in  Immunosuppressed  Mice 
As  described  in  the  original  proposal,  studies  to  evaluate 
selected  USAMRIID  AVS  agents  for  hemopoietic  effects  and  for  the 
ability  to  nonspecifically  enhance  resistance  to  opportunistic 
infections  in  immunosuppressed  hosts  were  evaluated  by  Dr.  M.  L. 
Patchen  at  the  Armed  Forces  Radiobiology  Research  Institute 
(AFRRI) .  The  ability  of  various  agents  to  stimulate  hemopoiesis 
at  the  level  of  the  pluripotent  hemopoietic  stem  cell  was 
evaluated  using  the  endogenous  spleen  colony-forming  unit  assay 
(E-CFU  assay) .  In  this  assay,  the  hemopoietic  stem  cell  content 
of  an  animal  is  reduced  by  exposure  to  a  sublethal  dose  of 
irradiation.  Experimental  drugs  are  administered  either  before 
(prophylactic  drug  treatment)  or  after  (therapeutic  drug 
treatment)  the  hemopoietic  injury  and  evaluated  for  the  ability 
to  accelerate  hemopoietic  regeneration.  Increases  in  E-CFU 
numbers  indicate  a  drug's  ability  to  function  as  a  hemopoietic 
stimulant.  The  second  parameter  assayed  in  studies  performed  at 
AFRRI  was  the  ability  of  the  same  selected  AVS  agents  to 
prophylactically  or  therapeutically  enhance  survival  in  severely 
irradiated  mice.  Since  following  radiation  doses  such  as  those 
used  in  these  experiments,  death  results  from  opportunistic 
pathogens,  these  studies  provide  an  indication  of  the  ability  of 
an  agent  to  enhance  nonspecific  resistance  in  an 
immunocompromised  host. 

During  this  contract  14  USAMRIID  AVS  agents  were  evaluated 
for  these  parameters.  Results  of  these  studies  were  summarized 
in  the  following  two  table  and  four  figures.  The  most  effective 


agents,  taking  both  prophylactic  and  therapeutic  efficacy  into 
account  were  Xerosin,  AVS  2776,  and  AVS  2111. 
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Comparativ*  Effaets  of  Taatad  BRII'a  oit^  Slaraf^aP 
in  C3H/HeN  Mica  Following  6.9  Gy 
(Prophylactic  Administration) 
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Cofflparativ#  Effects  of  Tasted  BRM's  cm  Hemopoietic 
Stem  Cell  Regeneration  in  C3H/HeN  Mice  Following  S.5  Gy 

(Prophylactic  Administration) 
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Comparative  Effects  of  Tested  BRM's  on  Hemopoietic 
Stem  Cell  Regeneration  in  C3H/HeN  Mice  Following  6.S  Gy 
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IgE  secretion  by  Epstein-Barr  virus-infected  purified  human  B 
lymphocytes  is  stimulated  by  interleukin  4  and  suppressed 
by  interferon  y 

I  allergy  /  polyclonal  B-cell  activation/ immunoglobulin  isotypes.  class  switching  i 
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.-ABSTRACT  The  cytokine  interleukin  4  iIL-4i  has  been 
shown  to  induce  lipopolysaccharide-activaied  munne  B  cells  to 
diiTerenliate  into  IgE-secreting  cells  and  to  stimulate  IgE 
secretion  by  cultured  human  peripheral  blood  lymphoid  cells. 
It  is  unclear,  however,  whether  this  effect  of  [L-4  on  human 
peripheral  blood  lymphoid  cells  is  a  direct  effect  on  the  B  cell 
because  lL-4  can  stimulate  T  cells  and  monocytes  as  well  as  B 
cells  and  does  not  induce  purified  human  B  cells  (o  secrete 
immunoglobulin.  To  investigate  this  issue  we  studied  the  ability 
of  IL-4  to  induce  IgF  secretion  by  purified  human  B  cells 
(93-969'c  CD20’',  <1*^  CD3‘')  that  were  cultured  with  Ep¬ 
stein-Barr  virus  lEBV).  Although  B  cells  cultured  with  fL-4 
alone  did  not  secrete  Ig  and  B  ceils  cultured  with  EBV  alone 
secreted  Ig.M.  IgG.  and  Ig.iA  but  <150  pg  of  IgE  per  ml.  the 
combination  of  EBV  and  lL-4  induced  an  IgE  response  that 
ranged  from  1 1 .4  to  40.3  ng/  mi  of  culture  supemaunt  after  26 
days  of  culture.  While  IL-4  also  enhanced  lg.M.  IgG.  and  IgA 
secretion,  as  well  as  proliferation  by  EBV-inlecced  B  cells,  these 
effec'A  were  less  pronounced,  occurred  earlier  during  culture, 
and  required  a  lower  concentration  of  IL-4  than  did  the 
stimulation  of  IgE  secretion.  Furthermore,  interferon  y  at  10 
units  per  ml  was  found  to  inhibit  IL-4/EBV. induced  IgE 
secretion  without  inhibiting  the  other  stimulatory  effects  of 
IL-4.  We  conclude  that  lii  IL-4  and  interferon  y  can  act  direct¬ 
ly  on  polyclonally  activated  human  B  cells  to  respectively 
stimulate  and  suppress  IgE  secretion  and  (ill  IL-4.  In  addition 
to  its  specific  effect  on  IgE  secretion,  has  a  general  stimulatory 
effect  on  the  growth  and  differentiation  of  EB  V-infected  human 
B  cells. 


Because  IgE  plays  a  cntical  role  in  the  stimulation  of  mast  cell 
degranulation  and  the  generation  of  allergic  symptoms  that 
result  from  this  process  (1-3).  recent  evidence  that  two 
evtokines  regulate  IgE  secretion  may  have  clinical  impor¬ 
tance.  Studies  in  the  mouse  have  demonstrated  that  (i) 
interleukin  4  lIL-4)  can  induce  punfied.  lipopolysacchande- 
activated  B  lymphocytes  to  secrete  IgE  in  the  absence  of 
other  T  cell  stimuli  (4);  (iiT  IL-4  is  required  for  T- 
cell-dependent  induction  of  IgE  secretion  both  i/i  u/ro  and  in 
VIVO  (5-’);  mi)  IL-4  induces  transcnption  of  a  germ-ime  r 
chain  transcript  (8);  and  (in  interferon  y  iIFN-vi  specificallv 
inhibits  the  differentiation  of  B  lymphoevtes  into  IgE- 
secreting  cells  (9-11).  In  vitro  studies  with  human  lympho¬ 
cytes  suppon  the  possibility  that  these  two  evtokmes  also 
regulate  human  IgE  secretion:  (i)  Culture  of  human  penpn- 
eral  blood  cells  with  IL-4  induces  an  IgE  response,  which  can 
be  inhibited  by  the  addition  of  IFN-y  to  the  culture  system 


Tlie  oublicaiion  costs  of  this  article  were  defraved  m  nan  nv  page  charac 
payment.  This  article  must  therelore  be  hereby  maiKeu  ndvrritsrmrni 
in  accordance  with  18  U.S.C.  51734  solely  to  indicate  this  lac; 


'12.  l}i;  i;ii  culture  of  punned  numan  B  cells  with  cionec 
helper  T  cells  induces  an  IgE  response  that  is  directiv 
proportional  to  tne  guantuv  of  IL-4  produced  bv  the  T  ceils 
and  inversely  proponionai  to  tne  quantity  of  IFN-vproauceq 
■'V  tnese  cells  il4i.  However,  because  ail  these  stuaies  with 
numan  ceils  requireu  tne  presence  of  T  iympnocyies  anu 
monocytes  to  mouce  an  IgE  response  and  because  boin  lL-4 
and  IFN-v  can  affect  tne  growth  of  T  as  well  as  B  lympho¬ 
cytes  1 15-18).  these  studies  do  not  distinguish  whether  lL-4 
and  IFN-v  affect  IgE  secretion  directly  at  the  B-ceil  level  or 
indirectly,  ov  inducing  T  cells  to  produce  additional  cyto¬ 
kines  that  can  stimulate  or  suppress  IgE  secretion.  Studies  in 
which  anti-lg  antibodies,  protein  .A-beanng  Staphylococcus 
aureus,  or  bacterial  endoio.xin  were  used  to  stimulate  human 
B  lymphoevtes  showed  no  clear  direct  stimulatory  role  for 
lL-4  in  inducing  an  IgE  response  il9);  indeed,  interleukin  2 
(lL-2).  in  the  absence  of  IL-4.  has  been  reported  to  induce 
punned  B  cells  cultured  with  S.  aureus  to  secrete  IgE.  and 
lL-4  has  been  founa  to  inhibit  S.  aureus  plus  IL-2-inouced 
secretion  of  all  Ig  isotypes.  including  IgE  (20.  21). 

To  investigate  wnether  lL-4  and  IFN-v  can  act  direcnv  on 
human  B  lymphocytes  to  regulate  IgE  secretion  we  have 
studied  a  svstem  in  which  me  infection  of  highly  punned 
normal  human  penoherai  blood  B  Ivmohocvtes  with  Epstein- 
Barr  virus  I  EBV  I  induces  tnese  ceils  to  proliferate  and  :o 
secrete  lg.M.  IgG.  and  Ig.'A.  but  not  detectable  IgE  .-Although 
addition  of  IL-4  to  the  culture  system  enhances  cell  growth 
and  proQuenon  of  all  Ig  isotvpes.  we  find  that  IgE  proQucuon 
IS  enhanced  muen  more  than  that  of  the  other  isotvoes 
.-Addition  of  IFN-v  along  with  IL-4  to  the  EB V-stimuiatec 
cultures  inhibits  IgE  production  without  affecting  prouucnon 
of  the  other  Ig  isotypes. 

•VUTERIALS  .A.ND  .METHODS 

B-Cell  Purirication.  Penpheral  blood  mononuclear  cells 
were  obtained  by  ieukopheresis  of  five  healthv  normal  donors 
and  depleted  of  polymorphonuclear  leukocytes  and  ervtnro- 
evtes  by  centnfugation  over  a  laver  of  Ficoll.'Hvpaque 
Lymphocytes  were  paniaily  depleted  of  macropnages  bv 
fractionation  in  Sepracell-.MN  according  to  the  manuiactur- 
er  s  instructions  (Sepratech.  Oklanoma  Citv .  OK.',  then 
incuoated  for  45  min  with  a  mi.xture  of  mouse  monocionai 
antibodies  35.1.  64.1.  G17.2.8.  GlO-1.  G3-'.  FC2.2.  and  hO  1 
igift  of  J,  .-A.  Ledbetter,  Oncogene.  Seattle.  W.Ai.  which  are 
specific  for  surtace  markers  CD2.  CD3,  CD4.  CD8  (present 
on  T  cells).  CD7.  CDlb.  and  CDll  ipresent  on  macropnages 


■Abbreviations  IL.  mierieukin.  EBV.  Ebstem-Barr  virus  IFN-s 
inierteron  v;  clg.  iniracviopiasmic  immunoglobulin;  FITC.  tluore-- 
cem  isoihiocvanaic 

-To  whom  reprint  requests  should  be  sent  at  •  address. 


Immunoiogv:  Thypnronms  fi  ar 


Proi  \ali.  AliJJ.  Si;.  I  SA  fl6  .'WVi 


anJ;or  natural  killer  cellsi.  respective!'.  i22--5i  The  cells 
ssere  men  ssasiiea  anu  incunatea  tor  1  hr  a.  -i'L  ssim  iron- 
containing  beads  conjugated  with  goat  anti-mouse  IcG  anii- 
Dod'.  iDvnai.  Great  Neck.  NYi  at  a  ratio  of  four  Deaas  per 
cell.  Cells  bound  to  beads  and  free  beads  were  removeu 
magneticallv  from  the  cell  suspension,  after  which  the  re¬ 
maining  cells  were  washed  twice  before  being  placed  in 
culture.  Immunoiluorescence  staining,  coupled  with  fluores¬ 
cence-activated  cell  sorter  anai’.’sis.  demonstrated  mat  95- 
96^  of  the  resulting  cell  population  bore  the  B-cell-specific 
surt'ace  marker  B1  iCoulten.  wnereas  cells  that  were  stained 
Dv  fluorescein-labeled  antibodies  specific  for  T-cell.  mac- 
ropf  ge.  or  natural  killer-specific  markers  iLeu  a.  Leu  .kl5. 
Leu  '.  and  Leu  li;  Becton  Dickmsoni  were  not  detectable 
'<l"i  The  absence  of  cells  stained  bv  these  fluorescem- 
.aoeieu  antibodies  cannot  oe  accountea  for  bv  blocKing  of 
antigenic  determinants  with  uniaoeied  monoclonal antiboaies 
pecause  no  cells  were  staineu  oetectaph  cv  a  fluorescein- 
labelea  anti-mouse  Ig  antibody. 

Analysis  of  Ig  Secretion.  Ig  levels  in  supernatants  of  cul- 
tureu  cells  were  analvzeo  bv  ELIS.A  in  9p-well  flat-pottomec 
poi'stvrene  microtiter  mates  iDvnatechi.  To  assav  IgE  lev¬ 
els.  wens  were  coated  ovemignt  witn  coat  anti-numan  igE 
antibouv  at  10  ug  ml  if  cnain-specific.  Cappei  Laooraiones 
in  0.1  M  NaHCO)  butte.-  pH  9.b.  Wells  were  wasned. 
blocked  with  pnospnate-buifereo  saline  0.1^  Tween  20  l"r 
covine  serum  albumin,  and  tilled  with  100  ul  of  senai  -t-fold 
dilutions  of  culture  supernatants.  .Alter  a  2-hr  incubation  step 
wells  were  sequentiaiiv  filled  with  lOO-ul  aliquots  of  a  l.fOO 
dilution  of  a  mouse  monoclonal  antibodv  to  human  IgE 
iHvbntech).  a  1:20.000  dilution  of  a  oiotin  conjugate  of  goat 
anti-mouse  IgG  antiooov  iJackson  ImmunoResearchi.  a 
l;2000dilution  of  a  pero.xidase-streptavidin  conjugate  iBRLi. 
and  substrate  l3.2''.  5.5'-tetramethvlbenzidtne  plus  H;0;. 
Kirkegaard  and  Pern .  Gaithersburg,  MDi  according  to  the 
manufacturer  s  instructions.  .After  10  min  the  reaction  was 
stopped  bi.'  addition  of  1  SI  HiPOj,  ana  wells  were  anaivzeu 
tor  aosorbance  at  450  nm  in  an  ELIS.A  reader  i  Dynatech  .  .An 
'  E  mvf ‘  m.j  p  •t."' v:  -u  rg  ml'cif:  :  a.  W-vtar. 
.-..i ■  .Mec. -  >  •  -  I.  St"  .tei  ceneraieu  .in .Ajvo uf  t''ic-.- 

mepu.i.  vur,..;  cvci.  wi.crt.is  IgGi.  igGr.  Igui.  lgG4.  IgA.. 
lg.A2.  or  Ig.M  mveioma  orateins  eacr.  at  ur  to  '0  .g,  ml  (also 
gifts  of  R.  Wlstarl  failed  to  generate  a  oetec'ac.e  re.i::i'.’  r 
mis  assav.  To  quantitate  It.M,  IgG.  or  [g.A  m  culture  super¬ 
natants.  wells  were  fir'-  coated  witn  goat  'Pli-nunan  ig 
antibodv  at  1  ug.  mi  and  then  incubated  sequentiaiiv  with 
culture  supernatant  dilutions,  pero.xioase  coniueates  of  goat 
antibodv  to  Ig.M  idiiuted  1:2000).  IgG  iLfOOOi.  or  Ig.A 
1 1:20001,  respectively  iCappel  Laboratonesi,  followed  ps 
substrate.  Punfied  human  IgA.  IgG.  and  IgM  standards  were 
purcnased  from  Cappei  Laboratones. 

Cytokines.  Recombinant  human  lL-4  was  synthesized  bv 
transfected  C127  mouse  mammary  tumor  cells  as  a  lT.5-kDa 
glycoprotein  (A,  R.  Seetharam.  T.  G.  Waaen.  and  .A.D.L.. 
unpublished  work).  The  protein  vfas  purified  from  serum-free 
conditioned  medium  by  sequential  chromatograpny  on  a 
Pharmacia  Fast  S  column  and  a  Vidac  C^  column.  Homoee- 
ne  iv  of  the  punfied  lymphokine  was  demonstrated  bvamino- 
termmal  sequence  analysis.  P.AGE.  and  elution  as  a  sharp 
symmetncaJ  peak  on  a  Ci-microoore  reverse-pnase  column 
I  Applied  Biosystems).  fhjnfied  lL-4  at  250  pg  /  mi  had  one  unit 
of  activity,  as  defined  as  that  concentration  required  to 
stimulate  haif-maximal  expression  of  membrane  CD23  bv  the 
human  Burkitt  Ivmphoma  Jiyoye  cell  line.  Recombinant 
interleukin  1  was  a  gift  of  Hoffmarv-La  Roche;  lL-2  was  a  gift 
of  Celus;  and  interleukin  3.  !FN-v.  and  interleukin  b  were 
gifts  of  the  Genetics  Institute  (Cambndee,  .M.Ai. 

Culture  System.  Punfied  B  lymphocytes  1 10^ i  were  cultured 
in  4fLwell  culture  plates  iCostari  in  1  mi  ofPP.MI  164(Jmeamm 
supplemented  with  10^  fetal  bovine  serum  iGIBCOi.  2  m.M 


L-elutamine.  gentamicin  ai  0.5  mg  ml.  and  2  ■  ,0“  M 
2-mercaDioetnanoi  plus  varvmg  doses  oi  recomoinar.  c  lo- 
kines  at  .'"'C  in  an  aimospnere  mat  contained  5^  CO:  Ever. 
4-5  davs  500-  of  me  culture  meoium  was  replaced  wun  an 
equal  volume  mat  contained  the  same  cvtoKine  concentration 
Culture  supernatants  of  the  EB\  -producing  B95.8  m  rmoset 
cell  line,  wnicn  contained  .•  •  '.O'  infectious  unr  ci  £85 
were  auaed  to  ceils  at  the  start  ol  culture. 

Identification  of  Cells  with  Intracytoplasmic  Ig  icigi.  To 
ivientifv  ceils  that  were  svnmesizing  large  quantities  ot  Ic. 
cultured  cells  were  first  ceninfuged  over  a  laver  of  Ficoil 
Hvpaque  to  remove  dead  ceils,  then  mixed  with  lormaiin- 
fixed  cniCKen  ervihrocvies  at  a  100:1  ratio  ana  centniugeu 
onto  a  glass  microscope  slide  w  ith  a  cv  tocentnluce  :  Shanuon 
Southern  Instruments,  pewict.iev,  P.Ai.  Cells  were  air-uneu, 
tixea  for  i  nrin  methanol  at  4-C.  dneu.  and  siainea  for  5i)  min 
with  fluorescem-iabeied  mouse  monoclonal  aniipouies  lo 
Ig.M  or  IgE  I  Becton  Dickinsoni.  wasned.  .mouniea  in  givc- 
eroi.  and  examined  w  ith  a  Leitz  Ortnoiux  pnase  .'  fluorescence 
microscope.  The  percentage  of  clg.M'  cells  was  determined 
py  counting  lymphoid  cells  under  both  phase  and  L'V  hgnt. 
tne  percentage  of  clgE'  cells  was  determined  bv  counting 
■under  LV  light  the  numoer  of  lympnoid  ce''s  that  dispiaveo 
green  cyioDiasmic  fluorescence  in  fields  mat  coniaineu  a  toia. 
of  100  cmcken  ervthrocvtes  land.  therefore.  10.000  ivmpno- 
cvtesi  I'i.  Chicken  ervthrocvtes  were  identified  bv  their  ova: 
snape  and  orange  nuclear  fluorescence. 

RESULTS 

lL-4  Increases  Ig  Secretion  by  EBV-lnfecled  B  Lympho- 
cyies.  Supernatants  of  punfied  B  Ivmphocvies  from  four  or 
five  norma]  individuals  were  cultured  with  EBV  for  26  davs 
in  the  absence  of  exogenous  cytokines;  these  cultures  con¬ 
tained  easily  detectable  quantities  of  Ig.M.  IgA.  and  IgG  but 
no  detectable  IgE  (<150  pg/ ml)  I  Fig.  1).  .Addition  of  2  '  10-' 
units  of  lL-4  to  cultures  increasea  supernatant  concentra¬ 
tions  of  Ig.M.  IgG.  and  le.A  by  an  average  of  11-.  10-.  and 
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Fig.  '..  Effeci  of  IL-4  on  EB\ -induced  Ig  lecreiion  Ihiniiec 
numan  Denpheral  blood  B  cells  were  cultured  for  2b  davs  at  10'  ce::- 
in  1  ml  of  culture  medium  with  .'  '  10  infectious  units  of  EBV  m  ihe 
presence  or  apsence  of  2  ■  Id'  units  ot  punned  recomninani  IL-c 
Half  01  the  culture  medium  was  replaced  everv  4-5  davs  wun  trevr 
medium  inai  contained  an  eaual  concentration  ot  IL-a  Dav  .2- 
culture  supernatants  were  tested  tor  Ig  concentrations  ov  isoivre 
specific  ELlSAs.  Each  svmPol  represents  an  individual  expenmen; 
and  each  expenmeni  was  pertormeo  wnh  cells  rrom  a  ortieren: 
donor.  Upen  svmpols  indicate  results  of  cultures  ihal  laclved  IL-c 
closed  vvmools  indicate  resuiis  oi  cultures  mat  containec  IL  - 
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4-fold,  respectively.  The  effect  of  this  cytokine  on  IgE 
secretion  was  much  more  marked;  in  the  presence  of  IL-4 
culture  supernatants  had  average  IgE  concentrations  of  11.4- 
40.3  ng/ml.  an  increase,  on  average,  of  >  180-fold  over 
baseline  ( Fig.  1).  Thus,  while  lL-4  increases  production  of  all 
!g  isotypes  by  EBV-infected  B  lymphocytes,  the  increase  in 
IgE  production  is  at  least  10-fold  greater  than  that  of  other  fg 
isotypes.  In  contrast,  the  addition  of  recombinant  IL-1.  lL-2. 
IL-i.  or  lL-6  to  punfied  B  ceils  cultured  with  EBV  failed  to 
induce  detectable  IgE  secretion,  and  B  ceils  cultured  with 
2-2000  units  of  lL-4  in  the  absence  of  EBV  also  failed  to 
secrete  detectable  IgE  (data  not  shown). 

IL-4  Increases  the  Percentage  of  EBV-Inftcted  B  Cells  That 
Synthesize  IgE.  To  determine  whether  lL-4  increased  the 
percentage  of  cells  that  synthesize  large  quantities  of  IgE.  in 
addition  to  the  total  quantity  of  IgE  secreted,  punfied  B  cells 
cultured  for  26  days  with  EBV  in  the  presence  or  absence  of 
lL-4  at  2  X  10^  units/  ml  were  fixed  on  glass  slides,  stained  with 
fluorescein  isothiocyanate  (FlTO-labeled  anti-IgM  or  anti- 
IgE  antibodies,  and  examined  by  fluorescence  microscopy  for 
the  percentage  of  cells  with  bnght  intracytoplasmic  fluores¬ 
cence.  IL-4  increased  the  percentage  of  cIgM'  cells  from  17 
to  41  and  increased  the  percentage  of  cigE'  cells  from  <0.010 
to  0.267.  Thus,  the  large  increase  in  IgE  secretion  is  accom¬ 
panied  by  a  sizable  increase  in  the  percentage  of  ceils  that 
synthesize  large  quantities  of  IgE  and  most  likely  secrete  this 
isotype. 

Effects  of  lL-4  Concentration  on  Increases  in  Cell  Number 
and  Ig  Secretion.  .Although  IL-4  caused  increases  in  cell 
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Fig.  2.  Effect  of  IL-4  concentration  on  proliferation  and  Ig 
secretion  by  EBV-mfected  human  B  cells.  Punfied  human  penpheral 
blood  B  cells  were  cultured  as  desenbed  in  the  legend  to  Fig.  1  with 
EBV  plus  vanous  concentrations  of  IL-4.  Half  of  the  culture  medium 
was  replaced  every  4-5  days  with  fresh  medium  that  contained  an 
equal  concentration  of  IL-4.  Day-26  culture  supernatant  Ig  concen¬ 
trations  were  determined  by  ELISA;  live  cell  counts  were  deter¬ 
mined  by  trypan  blue  exclusion.  Upper  and  lower  panels  show  data 
from  the  same  expenment.  U.  units. 


number  and  in  the  concentration  of  all  Ig  isotypes  tested  in 
culture  supernatants,  these  effects  were  dissociated  to  some 
extent  by  differences  in  the  dose-response  curves  (Fig.  2). 
IL-4  at  2  units  per  mi  stimulated  a  maximal  increase  in  cell 
number  as  well  as  substantial  increases  in  IgG  and  Ig.Vl 
concentrations;  however,  this  dose  failed  to  induce  detectable 
IgE  secret.on.  IgE  secretion  first  became  detectable  when  lL-4 
was  added  to  cultures  at  a  dose  of  6.6  units  per  ml.  Increasing 
the  lL-4  concentration  to  20  units  per  ml  stimulated  a  consid¬ 
erable  further  increase  in  IgE  secretion,  but  increases  in  IL-4 
concentration  beyond  this  level  had  little  effect  on  secretion  of 
IgE.  No  decreases  in  secretion  of  any  of  the  measured  Ig 
isotypes  were  seen  at  IL-4  doses  as  high  as  2000  units  per  ml. 
although  the  number  of  live  cells  recovered  from  cultures 
declined  when  lL-4  concentrations  of  66  units  per  ml  or  higher 
were  used.  These  observations  suggest  that  the  mechanisms 
through  which  IL-4  induces  increases  in  cell  number,  the 
secretion  of  IgE.  and  the  secretion  of  other  Ig  isotypes  may 
differ;  these  observations  further  indicate  that  increased  IgE 
secretion  cannot  simply  be  a  consequence  of  an  IL-4-induced 
increase  in  lymphocyte  proliferation  or  survival. 

IgE  Is  Produced  Late  by  B  Cells  Cultured  with  EBV  Plus 
IL-4.  By  the  10th  day  of  culture  of  B  cells  with  EBV  plus  IL-4. 
the  number  of  cells  per  culture  increased  by  a  factor  of  4-5. 
and  considerable  quantities  of  IgM  and  IgG  accumulated  in 
the  culture  supernatant  (Fig.  3).  In  contrast.  IgE  was  either 
not  detectable  (<150  pg/ml)  or  just  barely  measurable  in 
culture  supernatants  at  this  time  ( 280  pg/ ml  in  the  expenment 
shown  in  Fig.  3).  In  addition,  the  percentage  increase  in 
culture  supernatant  IgE  concentration  between  days  10  and 
14  was  considerably  greater  than  the  percentage  increases  in 
the  culture  supernatant  concentrations  of  IgM  or  IgG  dunng 
this  time  period.  Thus,  induction  of  IgE  secretion  is  regulated 
differently  from  induction  of  IgG  and  IgM  secretion  and  may 
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Fig.  3.  Kinetics  of  proliferation  and  Ig  secretion  by  EBV 
IL-4-slimulated  B  cells.  Punfied  human  penpheral  blood  B  cells  were 
cultured  with  EBV  plus  lL-4  at  2  x  10-’  units  per  ml  as  desenbed  m 
the  legend  to  Fig.  1.  Ig  concentrations  in  culture  supernatants  were 
determined  by  ELISA;  cell  counts  were  performed  in  the  presence 
of  trypan  blue  to  determine  numbers  of  live  cells.  L'ppcr  and  lower 
panels  show  data  from  the  same  expenment. 
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require  more  prolonged  stimulation  with  EBV  plus  lL-4  than 
does  induction  ot  B-cell  growth  or  IgM  or  IgG  secretion. 

T  Cells  Do  Not  Increase  in  Number  During  the  Culture  of 
Purified  B  Cells  with  EBV  and  IL-4.  Because  T  cells  have  been 
required  for  the  generation  of  an  IgE  response  by  cultured 
human  lymphoid  cells  in  other  systems  and  because  the 
generation  of  an  IgE  response  by  punfied  B  cells  cultured 
with  EBV  plus  IL-4  takes  >10  days,  it  was  necessary  to 
determine  whether  T  lymphocytes,  although  undetectable  at 
the  initiation  of  culture,  increase  in  number  dunng  this  time 
period.  To  investigate  this  possibility  we  stained  cells  alter  8 
and  16  days  of  culture  with  FITC-labeled  antibodies  specific 
for  T  cells  tanti-CD3).  B  cells  lanti-CDZO).  or  with  a  FITC- 
labeled  control  antibody  and  then  analyzed  these  cells  for 
fluorescence  intensity  with  a  fluorescein-activated  ceil 
soner.  Less  than  1ft  of  ceils  from  either  group  were  stained 
significantly  by  anti-CD3.  whereas  a  large  percentage  of 
unfractionated  penpheral  blood  mononuclear  cells  that  had 
been  cultured  for  8  days  with  IL-4  plus  EBV  were  stained 
brightly  by  this  reagent  (Fig.  4).  Furthermore,  virtually  all 
ceils  cultured  with  EBV  and  IL-4  continued  to  bear  the  B-cell 
marker  CD20  after  8  or  16  days  of  culture.  Thus,  induction  of 
IgE  secretion  by  the  combination  of  EBV  and  IL-4  cannot  be 
explained  by  T-lymphocyte  outgrowth  dunng  culture. 

IFN-y  Specifically  Inhibits  IgE  Production  by  B  Cells  Cul¬ 
tured  with  EBV  Plus  IL-4.  Because  IFN-y  inhibits  IL-4  effects 
in  many  munneand  humansysiems  (9. 10. 12.  26).  we  studied 
the  effect  of  this  cytokine  on  the  induction  of  proliferative  and 
Ig-secretory  responses  by  B  cells  cultured  with  EBV  plus 
IL-4.  .M  doses  >100  units  per  ml.  IFN-y  blocked  all  B-cell 
proliferative  and  Ig-secretory  responses  to  EBV  plus  IL-4  or 
to  EBV  alone  (data  not  shown),  presumably  because  the 
antiviral  effects  of  IFN-y  interfered  with  EBV  infection  of  B 
lymphocytes.  However,  at  10  units  per  ml,  IFN-y  inhibited 
IgE  secretion  by  95%  without  affecting  secretion  of  IgG  or 
IgM  (Fig.  5)  or  B-celi  proliferation  (data  not  shown).  Thus, 
induction  of  an  IgE  response  is  more  sensitive  to  the  inhib¬ 
itory  effects  of  IFN-y  in  this  system  than  are  some  other 
events  stimulated  by  IL-4.  Although  IFN-y  probably  inhibits 
IgE  production  in  this  system  by  specifically  blocking  lL-4 
induction  of  an  IgE  response,  we  cannot  rule  out  the  possi¬ 
bility  that  IFN-y  selectively  prevents  EBV  infection  of  those 
B  cells  that  can  act  as  precursors  of  IgE-secreting  cells. 
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Fig.  4.  No  increase  in  T-cell  number  occurs  dunng  culture  of 
purified  human  penpheral  blood  B  cells  with  EBV  plus  lL-4  Punfied 
human  penpheral  blood  B  cells  were  cultured  as  descnbed  in  the 
legend  to  Fig.  1  for  8  days  (A)  or  16  days  iB)  stained  with  FITC-Bl 
( — I.  FlTC-Leu-4  (antl-CD3)  (•■•),  or  as  a  negative  control.  FITC- 

normal  mouse  IgG  ( - ).  and  analyzed  for  fluorescence  intensity  by 

flow  microfluonmetry .  The  flow  microfluorogram  of  similarly 
stained  and  analyzed  unfractionated  penpheral  blood  lymphocytes 
that  were  cultured  for  8  days  with  EBV  plus  lL-4  is  shown  in  C. 
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Fig.  5.  IFN-v  specifically  suppresses  IgE  secretion  by  EBV/ 
IL-4-stimulaied  human  penpheral  blood  B  cells.  Punfied  human 
penpheral  blood  B  cells  were  cultured  for  26  days  as  descnbed  in  the 
legend  to  Fig.  1  with  EBV  alone,  EBV  plus  IL-4  at  2  x  10^  units  per 
mf  or  EBV  plus  lL-4  at  2  x  10^  units  per  ml  and  IFN-y  at  10  units 
per  ml.  Half  of  the  culture  medium  was  replaced  every  4-5  days  with 
fresh  medium  that  contained  an  equal  concentration  of  cytokines. 
Culture  supernatant  Ig  Ancenirations  were  determined  by  ELISA. 
Honzontal  lines  indicate  Ig  concentrations  of  supernatants  of  cells 
cultured  with  EBV  alone,  open  bars  indicate  Ig  concentrations  of 
supernatants  of  cells  cultured  with  EBV  plus  IL-4.  and  shaded  bars 
indicate  Ig  concentrations  of  supernatants  of  cells  cultured  with  EBV 
plus  IL-4  and  IFN-y. 


DISCUSSION 

Our  studies  show  that  highly  punfied  human  peripheral  blood 
B  lymphocytes  can  be  stimulated  by  EBV  plus  the  cytokine 
lL-4  to  secrete  IgE.  EBV.  in  the  absence  of  IL-4.  induced  the 
secretion  of  IgM.  IgG.  and  IgA,  but  not  IgE,  whereas  IL-4,  in 
the  absence  of  EBV.  failed  to  stimulate  any  Ig  secretion.  These 
observations  are  analogous  to  the  results  of  previous  studies 
in  the  mouse,  which  demonstrated  that  (i)  the  combination  of 
lL-4  and  lipopolysaccharide  induces  punfied  B  cells  to  secrete 
IgE  as  well  as  IgM  and  IgG;  (ii)  lipopolysaccharide  in  the 
absence  of  IL-1  stimulates  secretion  of  IgM  and  IgG.  but  not 
IgE;  and  (iVi)  IL-4,  by  itself,  does  not  stimulate  Ig  secretion  (4. 
27).  We  do  not  yet  know  whether  lL-4  modifies  the  distnbu- 
tion  of  IgG  subclasses  secreted  by  human  EBV-infected  B 
cells,  as  It  does  for  murine  lipopoiysaccharide-activated  B 
ceils  (27-29);  nor  do  we  have  an  explanation  for  the  long  time 
required  for  the  combination  of  EBV  and  IL-4  to  induce  a 
detectable  IgE  response  by  human  peripheral  blood  B  cells. 
This  delay  in  the  secretion  of  IgE  may  explain  an  earlier  report 
that  human  B  cells  do  not  secrete  IgE  in  response  to  EBV  plus 
IL-4  (30)  because  the  culture  period  in  that  study  was  only  10 
days  and  we  have  frequently  failed  to  detect  IgE  secretion 
before  14  days  of  culture.  Another  cause  for  failure  to  detect 
IgE  secretion  by  B  cells  cultured  with  EBV  plus  IL-4  is  that 
impure  lL-4  preparations  may  contain  an  inhibitor  of  IgE 
secretion;  partially  purified  preparations  of  recombinant  IL-4 
used  in  our  initial  studies  required  much  higher  concentrations 
of  IL-4  ;o  induce  IgE  secretion  than  did  the  highly  punfied 
recombinant  IL-4  preparations  used  for  the  studies  descnbed 
here. 

The  results  of  our  study  complement  previous  reports  that 
human  penpheral  blood  cells  are  stimulated  by  lL-4  to  secrete 
IgE.  provided  that  T  cells  are  present,  and  that  human  T-cell 
clones  that  secrete  IL-4  can  induce  punfied  B  cells  to  secrete 
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IgE  (12-15).  Because  lL-4  stimulates  human  T  cells  as  well  as 
B  cells  ( 151.  these  studies  left  open  the  possibility  that  the  JL-4 
stimulatory  effect  on  IgE  secretion  was  entirely  indirect,  in 
that  lL-4  stimulated  T  cells  to  secrete  a  second  lymphokine 
that  induced  B  cells  to  secrete  IgE.  The  T-cell  requirements  for 
the  induction  of  a  human  IgE  response  were  also  unresolved 
by  a  recent  report  in  which  EBV-infected  B  ceils,  cultured  at 
low  density  with  activated,  irradiated  "filler  "  T  ceils,  were 
induced  to  secrete  IgE.  because  the  capacity  of  the  filler  cells 
to  provide  either  contact-mediated  or  cytokine  help  was  not 
defined  (31).  In  contrast,  the  absence  of  any  detectable  T-cell 
population  at  the  initiation  of  our  cultures,  as  well  as  at  8  and 
16  days  later  in  our  system,  eliminates  the  possibility  that  any 
form  of  T-cell  help  other  than  lL-4  is  required  to  induce 
EBV-infected  B  cells  to  secrete  IgE.  In  addition,  the  lack  of  T 
cells  in  our  system  allowed  the  demonstration  that  the  inhib¬ 
itory  effect  of  IFN-vin  human,  as  in  mouse  i9. 10).  can  operate 
directly  at  the  B-cell  level.  Our  system  should  similarly  be 
useful  for  investigations  of  whether  IgE  binding  factors,  such 
as  soluble  CD23  (32).  work  directly  at  the  B-cell  level  to 
stimulate  IgE  secretion  (13.  331  and  may  allow  the  cloning  of 
IgE-secreting.  EBV-transformed  cells  (34-36).  Such  cells 
would  be  useful  for  determining  whether  IL-4  and  IF>l-y 
continue  to  regulate  IgE  secretion  by  a  cell  at  this  stage  of 
differentiation  as  well  as  for  investigating  whether  induction  of 
IgE  secretion  by  EBV-mfected  cells  is  accompanied  by  dele¬ 
tion  of  upstream  Ig  heavy  chain  constant  region  genes.  Inves¬ 
tigation  of  the  status  of  Ig  heavy  chain  constant  region  genes 
upstream  to  the  gene  for  the  constant  region  of  the  e  chain  in 
B  cells  induced  by  EBV  plus  IL-4  to  secrete  IgE  has  become 
particularly  important  in  view  of  the  recent  report  that  no 
deletion  of  these  genes  occurs  in  B  cells  that  secrete  IgE  when 
infected  with  EBV  and  cultured  with  irradiated,  activated  T 
cells  (31). 

Stimulation  of  IgE  secretion  was  not  the  only  effect  of  IL-4 
on  the  growth  and  differentiation  of  EBV-mfected  B  cells  in 
our  study;  this  cytokine  also  substantially  increased  B-cell 
proliferation  and  the  secretion  of  lu.M,  IgG,  and  IgA.  These 
additional  effects,  however,  may  operate  through  a  different 
mechanism  than  does  the  stimulation  of  IgE  secretion  be¬ 
cause  (i)  these  effects  occur  earlier  than  IgE  secretion,  (ii)  as 
in  the  mouse  these  effects  can  be  induced  by  lower  IL-4 
concentrations  than  are  required  to  induce  IgE  secretion,  and 
(III)  these  effects  are  not  inhibited  by  a  concentration  of 
IFN-y  that  effectively  blocks  IgE  secretion.  These  consid¬ 
erations  are  relevant  to  the  use  of  agents  that  inhibit  IL-4 
production  or  the  effects  of  IL-4  on  the  B  cell  as  possible 
therapies  for  IgE-mediaied  disorders  because  they  show  that 
It  IS  sometimes  possible  to  block  IL-4-mediated  IgE  secretion 
without  inhibiting  other  effects  of  IL-4.  Also  of  interest  in  this 
regard  is  the  observation  in  murine  in  vivo  studies  that  an 
anti-IL-4  antibody,  can  block  IgE  production  by  >99%  with¬ 
out  affecting  production  of  other  Ig  isotypes  (37).  This 
observation  cannot  be  explained  simply  by  dose-response 
considerations  and  is  consistent  with  the  possibility  that  IL-4. 
while  critical  for  the  stimulation  of  IgE  secretion,  may  have 
an  auxiliary  or  redundant  role  of  relatively  little  importance 
in  vivo  in  generating  other  humoral  immune  responses. 
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Interleukin^  (IL^)  acts  directly  on  puntied  human  penpheral  blood  B  ceils  cultured  in  the 
presence  of  Epstein-Barr  virus  (EBV)  to  induce  IgE  secretion  and  to  enhance  the  secretion  of 
IgG  and  IgM.  Interferon-y  iIFN-y)  inhibits  IgE  secretion  in  this  system,  without  affecting  the 
secretion  of  the  other  Ig  isotypes.  To  identify  the  time  period  during  which  EBV-infected  B  cells 
can  be  induced  by  IL-4  to  secrete  IgE.  we  have  studied  the  effects  of  delayed  addition  of  IL-4.  or 
the  termination  of  IL-4  stimulation  by  wash  out  or  by  neutralization  with  anti-IL-4  antibodies, 
on  the  induction  of  an  IgE  response.  To  induce  a  maximal  IgE  response.  IL-4  had  to  be  added 
to  cultures  of  B  cells  plus  EBV  no  later  than  2  days  after  the  initiation  of  culture,  and  had  to 
remain  present  through  the  tenth  day  of  cultute.  These  two  time  points  correspond  to  the  initiation 
of detectable  DNA  synthesis  (Days  3  to  4)  and  the  earliest  detectable  Ig  secretion  (Days  lOto  12) 
by  EBV-stimulated  B  cells.  No  IgE  response  was  induced  if  the  period  during  which  EBV-stimulated 
B  cells  were  cultured  with  IL-4  was  less  than  4  days,  or  if  IL-4  were  added  later  than  the  tenth 
day  of  culture,  regardless  of  how  long  the  culture  was  continued  beyond  that  time.  In  contrast. 

IL-4  considerably  enhanced  IgG  and  IgM  secretion  and  B  cell  CD23  expression,  even  if  it  was 
added  after  the  tenth  day  of  culture.  IFN-y  strongly  inhibited  the  IgE  response  of  B  cells  cultured 
with  IL-4  plus  EBV  if  added  within  6  days  of  the  initiation  of  cultute.  but  had  little  effect  on  the 
generation  of  IgM  or  IgO  responses  made  by  these  cells,  regardless  of  the  time  of  addition.  Neither 
IL-4  nor  IFN-y  affected  ongoing  IgE  secretion  by  an  esublishcd.  IgE-secreung.  EBV-transformed 
cell  line.  These  observations  suggest  that:  (i)  IL-4  first  becomes  able  to  induce  EBV-activated  B 
cells  to  secrete  IgE  as  these  cells  begin  to  synthesize  DNA.  must  stimulate  B  cells  for  at  least  4 
days  to  induce  IgE  secretion,  and  loses  its  ability  to  induce  IgE  secretion  as  these  cells  differentiate 
into  Ig-secreting  cells;  (ii)  the  ability  of  IFN-y  to  suppress  an  IgE  response  is  limited  to  this  same 
time  period;  and  (iii)  IL-4  enhancement  of  CD23  expression  and  IgM  and  IgG  secretion  ate 
independent  of  IL-4  induction  of  an  IgE  response,  o  i99i  AadnuK  Pm.  inc. 

INTRODUCTION 

The  prominent  role  of  IgE  in  the  pathogenesis  of  atopic  disorders  ( I  -3)  and  its 
likely  role  in  protective  immunity  against  some  helminthic  parasites  (4-7)  have  en- 


'  This  work  was  supported  in  part  by  Uniformed  Services  University  of  the  Health  Sciences  Protocol 
R08308.  National  Institutes  of  Health  Grant  RO I  AI2 1 328.  and  Office  of  Naval  Research  and  Development 
Command  N0007590WR00008.  The  opinions  and  assertions  contained  herein  are  the  pnvate  ones  of  the 
authors  and  are  not  to  be  construed  as  official  or  tvileamg  the  views  of  the  Department  of  Defense  or  the 
Uniformed  Services  University  of  the  HealUi  Soences. 
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couraged  investigation  of  the  regulation  of  production  of  this  immunoglobulin  isotvpe. 
Much  recent  attention  has  been  paid  to  the  roles  played  by  two  cytokines,  inierleukin- 
4  (IL-4)'  and  interferon-'y  (IFN-y),  in  this  regulatory  process.  lL-4  has  been  shown  to 
have  pleiotropic  effects  on  the  immune  system,  which  include  enhancement  of  B  cell 
class  11  MHC  (8),  CD23  (9-12),  and  CD40  (13)  expression,  coinduction,  with  anti-lg 
antibodies,  of  B  cell  proliferation  ( 14),  maintenance  of  proliferation  by  some  activated 
T  cells  (15),  and  costimulation  of  IgGl  secretion  in  mice  (16.  17)  and  IgE  secretion 
in  both  mice  and  humans  ( 18-25).  The  induction  of  IgE  secretion  involves  a  direct 
elTeci  of  lL-4  on  the  B  lymphocyte,  since  highly  purified  mouse  B  cells  can  be  induced 
to  secrete  IgE  if  cultured  with  IL-4  plus  EPS  (18).  and  highly  purified  human  B  cells 
can  be  induced  to  secrete  IgE  if  cultured  with  IL-4  and  infected  with  EBV  (23).  While 
IL-4  also  enhances  IgM  and  IgG  secretion  by  EB  V-infected  human  B  cells,  these  effects 
probably  occur  through  a  different  mechanism  than  does  the  stimulation  of  IgE  se¬ 
cretion.  which  is  observed  later  than  the  secretion  of  IgM  and  IgG  and  which  requires 
stimulation  with  higher  IL-4  concentrations  (23).  Higher  IL-4  concentrations,  and 
more  prolonged  stimulation  with  lL-4,  are  also  required  to  induce  IgE  secretion,  as 
opposed  to  IgGl  secretion,  in  the  murine  LPS  system  (26.  27).  In  both  the  munne 
and  human  systems,  the  stimulatory  effect  of  IL-4  on  the  IgE  response  can  be  inhibited 
by  IFN-7  (28-30).  which  also  inhibits  many  other,  but  not  all.  lL-4  effects  (31-35). 

The  present  study  was  undertaken  to  define  the  time  penod  dunng  which  IL-4  can 
induce  EBV-infected  human  B  cells  to  secrete  IgE  and  to  determine  whether  the  in¬ 
hibitory  effect  of  IFN-7  on  the  induction  of  IgE  secretion  by  EBV-mlected  cells  is 
limited  to  the  same  time  period.  Possible  relationships  between  the  penod  that  IL-4 
and  IFN-7  influence  IgE  production  and  the  initiation  of  DNA  synthesis  and  im¬ 
munoglobulin  production  were  also  investigated.  Furthermore,  it  was  of  interest  to 
determine  whether  either  IL-4  or  IFN-7  can  influence  IgE  secretion  by  established, 
IgE-secreting,  EBV-transformed  B  cell  lines.  Our  observations  indicate;  (i)  that  IL-4 
can  only  stimulate  the  development  of  IgE  secreting  cells  during  the  period  of  lime 
following  initiation  of  EBV-induced  B  cell  proliferation  and  preceding  initiation  of  Ig 
secretion  by  these  cells;  (ii)  that  lL-4  must  be  present  for  a  minimum  of  4  days  dunng 
this  time  period  to  stimulate  IgE  production;  (iii)  that  the  stimulatory  effect  of  lL-4 
on  CD23  expression  and  on  IgM  and  IgG  secretion  by  EBV-infected  cells  is  not  limited 
to  this  time  period;  (iv)  that  IFN-7  has  an  inhibitory  effect  on  IgE  secretion  by  EBV- 
infected  B  cells  during  the  same  period  that  IL-4  has  its  stimulatory  effect;  and  (v) 
that  neither  IL-4  nor  IFN-7  influence  IgE  secretion  by  an  established.  IgE-secrciing, 
EBV-transformed  B  cell  line. 

MATERIALS  AND  METHODS 

B  cell  purification.  Peripheral  blood  mononuclear  cells  were  obtained  by  leuka- 
pheresis  of  healthy  normal  donors  and  depleted  of  polymorphonuclear  leukocyies. 
erythrocytes,  macrophages.  NK  cells,  and  T  cells  as  previously  desenbed  (23).  In  the 
resulting  cell  preparation  93-96%  of  cells  bore  the  B  cell-specific  surface  marker  CD20 
(Bl)  (Coulter.  Hialeah.  FL).  while  cells  that  were  stained  by  fluorescein-labeled  anti¬ 
bodies  specific  for  T  cell,  macrophage,  or  NK-specific  markers  (Leu  4,  Leu  M3.  Leu 
7.  and  Leu  1 1.  Becton  Dickinson,  Mt.  View.  CA)  were  not  detectable  ( less  than  1%). 


'  Abbreviations  used;  lL-4.  interleukin  4;  IFN->.  inierl'eron->.  EBV.  Epsiein-Barr  virus.  LPS.  Iipopolv- 
sacchande. 
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The  aL  .e  of  cells  that  were  stained  by  these  fluores  -labeled  anubodies  cannot 
be  accounted  for  by  blocking  of  antigenic  determinants  by  unlabeled  mouse  mAbs, 
since  no  cells  were  stained  delectably  by  a  fluorescein-labeled  anti-mouse  Ig  antibody 

Analysis  of  Ig  secretion.  IgM.  IgG.  and  IgE  levels  in  supernatants  of  cultured  cells 
were  analyzed  by  ELISA  in  96-well  flat-bottomed  polystyrene  microtiter  plates  (Dy- 
natech.  Alexandria.  VA)  as  previously  descnbed  (23). 

Cytokines.  Recombinant  human  lL-4  was  prepared  and  purified  as  previously  de¬ 
scribed  (23).  A  concentration  of  250  pg/ml  of  purified  IL'4  had  one  unit  of  aaivity, 
defined  as  that  concentration  required  to  stimulate  half-maximal  expression  of  mem¬ 
brane  CD23  by  the  human  Burkitt  lymphoma  Jiyoye  cell  line.  IFN-y  was  a  gift  of  the 
Genetics  Institute  (Cambridge,  MA). 

Antibodies.  A  mouse  mAb  specific  for  human  CD23.  mAb  1 35  (36).  was  the  generous 
gift  of  Dr.  G.  Delespesse.  (Montreal.  Canada).  A  FITC-labeled  goat  antibody  specific 
for  mouse  Ig  was  purchased  from  Boehringer-Mannheim  (Indianapolis.  IN).  A  rabbit 
antiserum  specific  for  human  IL-4  was  prepared  as  descnbed  (37).  The  preparation 
of  a  neutralizing  mouse  mAb  specific  for  human  lL-4  will  be  described  in  a  separate 
publication  (C.  Heusser  et  ai.  manuscript  in  preparation). 

Culture  system.  Purified  B  lymphocytes  were  infected  with  EBV  by  incubation  of 
lO’  cells  at  37°C  for  2  hr  in  1  ml  of  culture  medium  with  3  X  10’  EBV  infectious 
units,  derived  from  culture  supernatants  of  the  EBV-producing  B95.8  marmoset  cell 
line.  Cells  were  then  diluted  1:100  in  culture  medium,  after  which  10*  purified  B 
lymphocytes  were  cultured  in  48-wcll  culture  plates  (Costar.  Cambridge.  M A)  in  1  ml 
of  Hybricare  Medium  (American  Type  Culture  Collection.  Rockville.  MD)  supple¬ 
mented  with  10%  fetal  bovine  serum  (GIBCO.  Gaithersberg.  MD).  2  mM  L-glutamine. 
0.5  mg/ml  gentamicin,  and  2  X  10'*  M  2-mercaptoethanol  plus  varying  concentrations 
of  recombinant  cytokines  at  37°C  in  an  atmosphere  that  contained  5%  COi.  Every  7 
days  50%  of  the  culture  medium  was  replaced  with  an  equal  volume;  fresh  cytokine, 
at  the  initial  concentration,  was  added  only  with  the  first  replacement  of  medium. 

Flow  microfluorimetry.  To  quantitate  CD23  expression  by  cultured.  EBV-trans- 
formed  B  cells,  these  cells  were  incubated  initially  on  ice  with  I  ug  of  anti-CD23  mAb 
or  an  isotype-matched  control  mAb.  washed,  sandwich-stained  with  FlTC-goat  anti¬ 
mouse  Ig  antibody,  washed  again,  and  analyzed  for  surface  fluorescence  with  a  Coulter 
Epics  753  flow  cytometer,  equipped  with  a  three  decade  logarithmic  amplifier. 

RESULTS 

Effect  of  delayed  addition  of  IL-4  on  the  Ig  secretory  responses  made  by  EBV- 
infected  B  lymphocytes.  To  determine  the  time  period  after  EBV  infeaion  that  the 
presence  of  IL-4  is  first  required  for  the  induction  of  an  IgE  response.  IL-4  was  added 
to  purified  B  cells  that  were  cultured  with  EBV  at  the  initiation  of  culture  or  2  to  12 
days  after  the  initiation  of  culture,  and  IgE,  IgM.  and  IgG  levels  in  culture  supernatants 
were  determined  22  days  after  the  initiation  of  culture.  In  six  separate  experiments, 
no  IgE  was  detected  (<0.15  ng/ml)  in  supernatants  of  cells  cultured  without  IL-4. 
Addition  of  IL-4  to  cultures  2  days  after  their  initiation  generated  an  IgE  response 
similar  to  that  produced  when  lL-4  was  added  at  the  start  of  cultures;  however.  IgE 
produaion  was  decreased  by  40%  if  lL-4  were  added  4  days  after  the  start  of  culture, 
and  decreased  further  with  later  IL-4  addition  (Fig.  1).  In  five  of  these  experiments 
no  IgE  was  produced  if  IL-4  were  added  10  or  12  days  after  the  initiation  of  culture 
(Fig.  1 ).  This  lack  of  an  IgE  response  when  IL-4  was  added  10  or  more  days  after  EBV 
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Fig.  1.  Effect  of  delayed  addition  of  lL-4  on  the  IgE  response  made  bv  EBV-mfected  B  lymphocytes. 
Punfted  human  penpheral  blood  B  lymphocytes  were  infected  with  EBV  and  were  cultured  at  10'  cells/well 
in  I  ml  of  medium.  Fifty  units/ml  of  recombinant  human  IL-4  was  added  on  the  indicated  day  of  culture. 
Day  22  culture  supemaunts  were  analyzed  for  IgE  concentration  by  ELISA.  Cultures  were  performed  in 
triplicate  in  each  expenment.  Means  and  standard  deviations  of  results  obtained  in  six  separate  experiments 
are  shown.  Supernatant  IgE  concentrations,  observed  when  IL-4  was  added  at  the  initiation  of  culture, 
ranged  from  5.5  to  40.2  ng/ml  (mean  x/^  SEM  =  13,2  x/4-  i,5i).  No  deiecuble  IgE  (<0  15  ng/ml)  was 
ever  found  when  cells  were  cultured  without  IL-4. 

infection  does  not  simply  reflect  an  inadequate  penod  of  time  for  lL-4  to  have  its 
effects,  since  these  cultures  still  failed  to  secrete  detectable  I&E  when  the  culture  period 
was  extended  to  32  days  (data  not  shown).  In  contrast  to  this  requirement  for  lL-4 
relatively  early  after  EBV  infection  for  the  generation  of  a  maximal  IgE  response, 
addition  of  IL-4  to  a  culture  of  EBV-infected  B  cells  10  days  after  initiation  still 
enhanced  IgG  production  5-fold  and  IgM  production  10-fold  (Fig.  2). 

Effect  of  washout  or  neutralization  oflL-4  on  the  generation  of  an  IgE  response  by 
EBV-infected  B  lymphocytes.  To  determine  the  duration  of  stimulation  with  IL-4  that 


Day  of  IL-4  Addition 

Fig.  2.  Effect  of  late  addition  of  IL-4  on  enhancement  of  IgM  and  IgG  secretion  In  a  single  expenment. 
punfted  B  lymphocytes  were  infeaed  with  EBV  and  cultured  with  or  without  50  U/ml  of  IL-4  as  in  Fig.  I. 
Recombinant  human  IL-4  was  added  to  some  cultures  at  the  time  points  indicated.  IgM  and  IgG  levels  in 
culture  supernatants  after  22  days  of  culture  were  determined  by  ELISA.  Means  of  results  from  tnplicate 
cultures  are  shown. 
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is  required  to  induce  EBV-infected  B  cells  to  secrete  IgE,  cultures  in  which  peripheral 
blood  B  cells  were  initially  stimulated  with  both  EBV  and  lL-4  were  esublished.  Two 
to  ten  days  later.  lL-4  stimulation  was  eliminated  by  cither  washing  the  cells  and 
reculturing  them  in  the  absence  of  lL-4  in  three  experiments  (Fig.  3)  or  by  adding  a 
polyclonal  rabbit  anti-human  IL-4  antibody  (four  expenmentsi  or  a  monoclonal  mouse 
anti-human  lL-4  antibody  (two  experiments)  to  the  cultures  (Fig.  4).  Elimination  of 
IL-4  stimulation  by  either  method  after  2,  4,  or  6  days  of  culture  completely  blocked 
the  IgE  response.  Significant  partial  inhibition  of  that  response  was  still  observed  when 
lL-4  stimulation  was  eliminated  10  days  after  the  initiation  of  culture,  while  neutral¬ 
ization  of  IL-4  12  days  after  the  start  of  culture  was  no  longer  inhibitory.  Combined 
with  the  results  of  our  earlier  experiments,  these  observations  localize  the  stimulatory 
effect  of  IL-4  on  IgE  production  by  EBV-infected  human  B  cells  to  a  period  2  to  1 2 
days  after  infection. 

To  determine  the  minimum  period  of  lime  that  the  presence  of  IL-4  was  required 
to  induce  EBV-infected  B  cells  to  secrete  IgE.  IL-4  was  added  to  B  cells  cultured  with 
EBV  at  the  initiation  of  culture  or  2  to  6  days  later,  and  anti-IL-4  mAb  was  later  added 
to  cultures  to  neutralize  IL-4  activity.  In  two  separate  experiments,  the  generation  of 
an  IgE  response  required  that  IL-4  be  present  for  8  days  if  added  at  the  start  of  culture, 
for  6  days  if  added  2  or  4  days  after  the  start  of  culture,  and  for  4  days  if  added  6  days 
after  the  start  of  culture  (Fig.  5).  In  all  cases,  further  delay  in  the  neutralization  of  IL- 
4  resulted  in  larger  IgE  responses. 

Effect  of  time  of  addition  of  [FN--^  on  fg  secretion  by  B  cells  cultured  with  EBV 
-t-  lL-4  To  determine  if  the  ability  of  IFN-y  to  inhibit  the  IgE  response  of  B  cells 
cultured  with  EBV  and  IL-4  correlated  temporally  with  the  ability  of  IL-4  to  induce 
this  response,  IFN-y  was  added  to  B  cells  cultured  with  EBV  plus  lL-4  at  the  initiation 
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Fig.  J.  Deiemiinalion  of  ihe  duration  of  ihe  IL-4  requirement  for  generation  of  an  IgE  response  by  EBV- 
infecied  8  cells  by  lL-4  washout.  Punfied  human  penpheral  blood  B  cells  were  infKted  with  EBV  and  were 
cultured  with  IL-4  as  in  Fig.  I.  At  the  time  points  indicated,  cells  were  aspirated  from  culture  wells,  washed 
three  times  with  5-ml  aliquots  of  cold  PBS  supplemented  with  I  %  fetal  bovine  serum,  resuspended  in  culture 
medium,  and  recultured  without  adjusting  for  cell  number.  Culture  supernatants  were  harvested  22  days 
after  the  stan  of  the  initial  culture  and  assayed  by  ELISA  for  IgE  conccntiauon.  Means  and  standard  devianons 
of  the  results  obtained  in  three  experiments  are  shown  as  percentage  inhibition  by  washout  of  the  IgE 
responses  obtained  when  cells  were  cultured  with  IL-4  for  the  entire  22AJay  period.  Supernatant  IgE  con¬ 
centrations  observed  when  IL-4  was  present  for  the  entire  penod  of  culture  ranged  from  5.5  to  40.2  ng/ml 
(mean  x/h-  SEM  =  13.5  x/-^  |.8). 
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Fig.  4.  Detennination  with  anti-IL-4  antibodies  of  the  duration  of  the  IL-4  requirement  for  generation 
of  an  IgE  response  by  EBV-infected  B  cells.  Punfied  human  penpheraJ  blood  B  cells  were  infected  with  EBV 
and  were  cultured  with  lL-4  as  in  Fig.  I .  At  the  time  points  indicated,  rabbit  anti-human  IL-4  antiserum  la 
LSOOO  dilution)  or  a  punfted.  mouse  anti-human  IL-4  mAb  (5  Mg/ml)  was  added  to  cultures.  Culture 
supernatants  were  harvested  on  Day  22  and  IgE  concentrations  were  determined  by  ELISA.  Means  and 
standard  deviations  of  the  results  obtained  in  six  experiments  (four  performed  with  rabbit  anti-human  IL- 
4.  two  with  mouse  anti-human  IL-4)  are  shown  as  percentage  inhibition  of  the  response  obtained  when  no 
anti-IL-t  antibody  was  added  to  cultures.  Supernatant  IgE  concentrations  observed  in  different  expenmenis 
when  no  ami-IL-4  antibody  was  added  ranged  from  2.5  to  40  2  ng/ml  (mean  x/-i-  SEM  =  14.9  x/-  1  8). 
Addition  of  control  rabbit  or  mouse  antibodies  to  cultures  had  no  effect  on  IgE  production  ( data  not  shown ). 


of  culture  or  2  to  10  days  later.  IgM,  IgG,  and  IgE  levels  were  determined  after  22 
days  of  culture.  In  three  separate  experiments,  IFN-y  added  as  late  as  the  sixth  day 
of  culture  inhibited  IgE  production  by  an  average  of  60%.  while  addition  on  the  eighth 
day  of  culture  inhibited  IgE  production  by  an  average  of  40%.  and  addition  on  Day 
10  caused  less  than  20%  inhibition  (Fig.  6).  The  ability  of  IFN-y  to  inhibit  IgM  and 
IgG  secretion  in  this  system,  determined  in  a  single  experiment,  was  much  more 
limited:  little  or  no  inhibition  was  noted  when  this  cytokine  was  added  2  or  more  days 
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Fig.  5.  IL-4  must  be  preseni  for  at  least  4  days  lo  induce  EBV-mfected  B  cells  lo  secrete  IgE.  Purified 
human  penpheral  blood  B  cells  were  infected  with  EBV  and  were  cultured  as  in  Fig.  I .  IL-4  (30  U/ml)  and 
mouse  anti-human  IL-4  mAb  (3  ug/nil)  were  added  at  the  time  points  shown.  Culture  supernatant  IgE 
concentrations  were  determined  by  ELISA  after  22  days  of  culture.  Data  are  shown  as  means  of  three 
replicate  cultures  in  each  of  two  separate  expenments  for  each  time  point,  compared  to  the  supemaunt  IgE 
when  IL-4  was  present  and  anti-IL-4  mAb  absent  for  the  enure  22-day  culture  period  (4.2  and  3 1  ng/ml  in 
(he  two  studies). 
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Fig.  6.  Effect  of  time  of  addition  of  IFN->  on  IgE  secretion  bv  B  cells  cultured  with  EBV  plus  IL^ 
Purified  human  penpheral  blood  B  cells  were  infected  with  EBV  and  were  cultured  with  50  U/ml  of  IL-4 
as  in  Fig.  I.  IFN->  (20  U/ml)  was  added  at  the  time  points  indicated,  and  culture  supemaunt  IgE  concen¬ 
trations  were  determined  by  ELISA  after  22  days  of  culture.  Dau  are  expressed  as  the  percentage  suppression 
of  the  IgE  response  induced  by  EBV  plus  IL-4  in  the  absence  of  IFN-y.  Means  and  standard  deviations  of 
results  from  three  separate  experiments,  performed  with  the  studies  illustrated  in  Fig.  3  are  shown.  Cultures 
to  which  no  IFN-y  was  added  ranged  from  5.5  to  40.2  ng/ml  (mean  x/-^- SEM  =  13.5  x/-i-  1.8), 


after  the  initiation  of  culture  (Fig.  7).  These  data  confirm  our  previous  observation 
that  the  suppressive  effect  of  IFN-7  in  this  system  is  specific  for  IgE  (23).  and  indicate 
that  the  time  period  during  which  IFN-7  is  able  to  suppress  IgE  production  is  identical 
to  the  period  during  which  IL-4  can  stimulate  IgE  production. 

IgE  secretion  by  EBV-infected  B  cells  is  influenced  by  lL-4  and  IFN-y  between  the 
onset  of  EBV- induced  B  cell  proliferation  and  Ig  secretion.  Our  above  observations 
indicate  that  the  specific  effects  of  IL-4  and  IFN-7  on  IgE  production  by  EBV-infected 
B  lymphocytes  first  become  demonstrable  approximately  2  days  after  the  addition  of 


Fig.  7.  Effect  of  lime  of  IFN-y  addition  on  IgM  and  IgG  secretion  by  B  cells  cultured  with  EBV  plus  IL- 
4.  Serum  IgM  and  IgG  levels  in  Day  22  culture  supemaunts  from  one  of  the  expenments  shown  in  Fig.  6 
were  determined  by  ELISA.  IFN-y  was  added  to  cultures  at  the  times  indicated  or  was  omitted  from  cultures 
(  — ).  Data  are  expressed  as  means  of  three  replicate  cultures  for  each  time  point,  compared  to  the  IgG  and 
IgM  responses  made  by  EBV-infected  cells  cultured  with  neither  IL-4  nor  IFN-y. 


KINETICS  OE  lL-4  INDl'CTlON  OF  UE  SECRETIO’ 


415 


EBV  to  B  cells  and  are  no  longer  demonstrable  if  these  cvtokines  are  added  more  than 
10  to  12  days  after  the  initiation  of  infection.  To  determine  whether  the  timing  of  this 
responsiveness  might  correlate  with  important  events  in  B  cell  proliferation  and  dif¬ 
ferentiation  that  follow  infection  of  B  cells  with  EBV.  we  determined  the  timing  of 
DNA  synthesis  ([^H]thymidine  incorporation)  and  IgM  secretion  by  punhed  B  cells 
cultured  with  EBV  plus  lL-4.  DNA  svnthesis  was  first  detectable  3  to  4  days  after  the 
initiation  of  culture,  while  IgM  was  first  detected  in  culture  supernatants  after  10  to 
12  days  (Fig.  8).  Thus,  the  IL-4  stimulatory  effect  on  IgE  production  by  EBV-infected 
B  cells  first  becomes  evident  as  these  cells  begin  to  synthesize  DNA.  and  both  the  IL- 
4  stimulatory  effect  and  the  IFN-7  inhibitory  effect  on  IgE  production  are  lost  as  these 
cells  begin  to  secrete  Ig. 

EBV-lransformed.  li^E-secreiin^  B  cells  respond  10  IL-4  wiili  increased  CD23 
expression,  but  neither  lL-4  nor  lEX-y  modulate  l^E  secretion  by  these  cells.  To  de¬ 
termine  the  abilities  of  lL-4  and  IFN->  to  affect  lg£  production  by  an  established. 
IgE-secreting,  EBV-transformed  B  cell  line,  B  cells  were  initially  cultured  for  5  weeks 
with  EBV  plus  IL-4.  then  washed  and  recultured  for  I  week  in  the  absence  of  IL-4. 
Individual  cells  in  the  resulting  EBV-transformed  cell  population  were  secreting  IgM. 
IgG.  or  IgE  (data  not  shown).  Cells  from  this  population  were  recultured  a  second 
time  with  no  added  cytokine.  IL-4.  IFN-y,  or  both  cyiokines.  and  culture  supernatants 
were  harvested  and  assayed  for  IgE  every  5  days  for  the  nevt  2  weeks  (Fig.  9).  No 
effects  of  these  cytokines  on  IgE  production  in  this  system  were  observed.  Thus.  IFN- 
y  loses  Its  ability  to  inhibit  IgE  secretion  in  this  system  once  EBV-transformed  B  cells 
become  established  as  secretors  of  IgE.  and  lL-4  is  unable  to  stimulate  IgE  secretion 
by  EBV-transformed  B  cells  that  have  become  committed  to  the  secretion  of  a  different 
isotype,  or  to  enhance  IgE  secretion  by  IgE-committed,  EBV-transformed  B  cells.  To 
determine  whether  the  inability  of  IL-4  to  enhance  IgE  secretion  by  established.  EBV- 
transformed  B  cells  might  be  due  to  either  the  loss  of  lL-4  receptor  by  these  cells  or 
the  inability  of  this  receptor  to  signal  transformed  cells,  we  investigated  the  ability  of 
lL-4  to  e.xert  another  of  its  known  effects  on  these  cells:  enhancement  of  CD23  expres- 
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Fio.  8.  kinelics  of  DNA  svnthesis  and  IgM  secretion  b\  punlied  B  Ivmphocvies  cultured  ivith  EB\ 
Punned  human  penpheral  blood  B  cells  were  inlecled  with  EBV  and  cultured  with  ^l)  I  ml  of  lL-4  as 
desenbed  for  Fig.  I .  Cells  were  pulsed  for  6  hr  with  I  uCi  of  (’Fllthsmidine.  at  the  time  points  indicated,  to 
detect  DNA  svnthesis.  Culture  supernatants  harvested  at  the  time  points  indicated  were  assaved  bv  ELIS.A 
for  IgM  concentration  All  values  shown  are  means  obtained  from  three  replicate  cultures 
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Fig.  9.  lL-4  and  IFN-7  do  not  affect  IgE  secretion  by  established.  IgE  secreting.  EBV-translormed  B  cells. 
Punlied  human  penpheral  blood  B  cells  were  infected  with  EBV  and  cultured  with  IL-4  (50  U/ml)  for  35 
days,  then  washed  and  cultured  for  an  additional  week  without  added  cytokines.  Cells  were  then  washed 
again  and  cultured  at  lO’/ml  with  no  additional  cytokines.  IL-4  (50  U/mli.  iFN--y  (20  U/mii.  or  both  lL-4 
and  IFN-7.  Culture  supernatants  were  harvested  5.  10.  and  15  days  after  the  initiation  of  the  final  culture, 
and  were  assayed  for  IgE  concentration  by  ELISA.  The  means  of  values  obtained  from  tnplicate  cultures 
are  shown. 


sion  (9-12).  Although  B  cells  cultured  for  16  days  with  EBV  in  the  absence  of  IL-4 
express  considerably  more  CD23  than  do  unstimulated  human  peripheral  blood  B 
cells  (38).  culture  of  these  EBV-transformed  cells  for  an  additional  2  days  with  IL-4 
stimulated  an  additional,  approximately  fourfold,  increase  in  CD23  expression  (Fig. 
10).  Thus,  the  inability  of  IL-4  to  affect  IgE  secretion  by  B  cells  once  they  have  been 
transformed  by  EBV  is  not  a  result  of  IL-4  receptor  loss  or  a  loss  of  the  ability  of  this 
receptor  to  transmit  a  signal  to  the  B  cell. 


Fk}.  10.  IL-4  induces  EBV-iransformed  B  cells  lo  increase  iheir  membrane  expression  of  CD23.  EBV- 
infeaed  human  penpheral  blood  B  lymphocytes  were  cultured  without  IL-4  for  16  days,  after  which  50  U/ 
ml  of  IL-4  was  added  to  one  of  two  cultures.  After  an  additional  2-day  culture  penod  cells  were  stained  with 
either  a  mouse  anti-human  CD23  mAb  or  an  isotypc-matched  control  mAb.  followed  by  FITC-labeled  goat 
anti-mouse  Ig  antibody,  and  analyzed  for  surface  fluorescence  with  a  flow  microfluonmeter  equipped  with 
a  three  decade  log  amplifier.  The  fluorescence  profile  of  cells  stained  with  the  control  antibody  is  shown  as 
a  solid  line;  that  of  IL-4-tre3ted  cells  stained  for  CD23  is  shown  as  a  dashed  line:  and  that  of  cells  cultured 
without  IL-4  and  stained  for  CD23  is  shown  as  a  dotted  line.  IL-4  treatment  did  not  affect  the  fluorescence 
profile  of  cells  stained  with  the  control  antibody  (not  shown). 
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DISCUSSION 

The  critical  role  of  IgE  in  the  pathogenesis  of  atopic  disorders  has  focused  attention 
on  mechanisms  that  regulate  the  production  of  this  immunoglobulin  isotype.  Several 
studies  in  the  mouse  and  in  human  have  established  that  the  T  cell-produced  cytokine 
IL-4  is  an  important  inducer  of  IgE  responses  (18-25).  By  contrast  IFN-y  has  been 
shown  to  inhibit  IgE  production.  However,  little  is  known  about  the  mechanism  of 
action  of  both  cytokines.  In  this  study  we  try  to  delineate  the  timing  requirement  and 
the  stages  during  B  cell  activation  that  IL-4  and  IFN-y  can  affect  IgE  production.  We 
utilize  a  system  in  which  purified  B  lymphocytes  are  activated  by  infection  with  EBV 
and  induced  by  lL-4  to  secrete  IgE. 

We  show  that  IL-4  has  to  be  present  for  a  relatively  extended  period  of  time,  at 
least  4  days,  to  induce  any  IgE  production,  and  that  maximum  production  is  seen 
when  IL-4  is  present  for  8-10  days,  starting  the  first  2  days  of  culture.  Neutralization 
or  washout  of  lL-4.  added  at  the  beginning  of  culture  6  days  later,  completely  suppressed 
IgE  production.  Addition  of  IL-4  after  the  tenth  day  of  culture  also  failed  to  induce 
detectable  IgE  production.  In  these  same  experiments  DNA  synthesis,  as  detected  by 
(’H]thymidine  incorporation,  starts  approximately  3  days  after  the  initiation  of  culture, 
and  IgM  is  first  detected  in  measurable  quantity  7  days  later.  Taken  together  these 
observations  suggest  that  IL-4  can  act  as  an  IgE  inducing  factor  on  activated  B  cells 
that  have  already  started  to  synthesize  DNA  but  have  not  yet  terminally  differentiated 
into  Ig  producing  plasma  cells.  After  this  stage  the  loss  of  effect  of  IL-4  on  the  stim¬ 
ulation  of  IgE  secretion  is  not  a  result  of  a  total  loss  of  IL-4  responsiveness  by  these 
cells.  IL-4  can  still  enhance  IgM  and  IgG  secretion  by  EBV-infected  cells,  an  effect 
that  is  probably  due  to  enhanced  cell  proliferation  or  survival  (23),  after  it  loses  the 
ability  to  stimulate  an  IgE  response.  In  addition,  most  B  cells,  after  culture  with  EBV 
for  16  days,  still  increase  their  expression  of  CD23  when  IL-4  is  subsequently  added 
to  the  culture  medium,  even  though  no  IgE  secretion  is  induced.  This  observation 
does  not  exclude  the  possibility  that  precursors  of  IgE-secreting  cells  are  distinct  from 
precursors  of  cells  that  secrete  other  Ig  isotypes  and  that  precursors  of  IgE  secreting 
cells,  unlike  precursors  of  IgG  and  IgM  secreting  cells,  lose  all  responsiveness  to  IL-4 
after  EBV-induced  transformation.  Since  there  is  no  evidence,  however,  that  precursors 
of  IgE-secreting  cells  represent  a  distinct  ceil  population,  we  favor  the  view  that  the 
loss  of  effect  of  lL-4  on  IgE  secretion  as  EBV-infected  cells  start  to  secrete  Ig  results 
from  a  loss  in  the  ability  of  IL-4  to  induce  the  molecular  events  that  lead  to  IgE 
production. 

The  4-day  period  of  exposure  to  IL-4  that  is  required  for  the  induction  of  any  IgE 
secretion  by  human  B  cells  cultured  with  EBV  and  the  8-  to  lO-day  period  of  exposure 
that  is  required  for  maximum  IgE  production,  as  opposed  to  the  less  than  24-hr  ex¬ 
posure  to  IL-4  that  is  sufficient  to  induce  events  such  as  increased  CD23  or  CD40 
expression  (13),  are  in  agreement  with  and  extend  previous  findings  in  mice.  These 
studies  have  demonstrated  that  IL-4  needs  to  be  added  to  cultures  no  later  than  I  day 
after  initial  stimulation  with  LPS,  and  must  remain  in  the  culture  for  a  period  of  3 
days  to  induce  IgE  production  (26.  27).  However.  IL-4  stimulates  increased  la  expres¬ 
sion  by  mouse  B  cells  in  less  than  24  hr  (8).  The  observations  on  both  mouse  and 
human  support  the  view  that  IL-4  may  be  required  to  stimulate  more  than  one  mo¬ 
lecular  event  during  B  cell  differentiation  to  induce  IgE  commitment.  Two  such  mo¬ 
lecular  events  might  be  an  increase  in  the  accessibility  of  the  C«  gene,  which  is  reflected 
by  the  synthesis  of  a  stenie  C«  transcript,  and  which  has  been  shown  to  be  IL-4  inducible 


in  a  mouse  sysu  1 ).  and  a  recombi national  event  that  delves  L'h  genes  located 

between  VDJ  ai.  Jt.  Recent  reports  indicate  that  lL-4  induce  V'-intected  B  cells 
to  develop  into  stable.  IgE-secreting  ceils  that  have  deleted  the  cu  and  C7  loci  |42, 
43).  It  has  also  recently  bieen  shown  that  human  PBL  stimulated  with  lL-4  express  a 
I.75-kb  gemline  Ct  mRNA  transcnpt  after  4  days  in  culture  and  that  a  2.35-kb 
mature  mRNA  appears  later  (44).  While  IL-4  is  known  to  induce  expression  of  the 
sterile  Ct  transcript  it  is  not  yet  known  whether  the  continuous  presence  of  IL-4  is 
required  for  deletion  of  the  Ch  genes  between  VDJ  and  Ct  and  expression  of  the 
mature  Ct  transcript. 

In  addition  to  localizing  the  time  of  IL-4  action  in  the  induction  of  IgE  secretion 
our  experiments  demonstrate  that  IFN-7  inhibits  IgE  production  when  added  early 
to  cultures  of  EBV  plus  lL-4  stimulated  B  cells,  and  is  ineffective  when  added  after 
Day  10.  even  though  IgE  secretion  has  not  yet  begun.  These  observations  strongly 
suggest  that  IFN-7  inhibits  commitment  of  B  cells  to  IgE  production  rather  than 
production  of  IgE  by  already  commited  cells.  Furthermore,  since  IgE  production  by 
EBV-iransformed  cells  continues  for  a  long  time,  it  was  possible  to  determine  whether 
ongoing  IgE  production  could  be  modulated  by  IFN-7  and/or  lL-4.  Our  results  show 
that  neither  cytokine  substantially  influences  ongoing  IgE  production  by  EB\'-trans- 
formed  cells.  No  modulation  of  ongoing  IgE  secretion  by  IL-4  and  IFN-v  has  also 
been  observed  in  some,  but  not  all,  studies  using  nontransformed  PBL  from  hyper- 
IgE  syndrome  and  parasite-infected  patients  ((45).  and  J.  de  Vnes  and  C.  King,  personal 
communications). 
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